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a b s t r a c t
Grass biomass is a prospective type of lignocellulosic biomass for bioenergy and fuel
production, but the low dry matter in grass at harvest calls for new pretreatment strategies
for cellulosic conversion. In this study, ensiling was tested as a biological pretreatment
method of the high yielding grass variety Festulolium Hykor. The biomass was harvested in
four cuts over a growing season. Three important factors of ensiling: biomass composition,
dry matter (DM) at ensiling, and inoculation of lactic acid bacteria, were assessed in rela-
tion to subsequent enzymatic cellulose hydrolysis. The organic acid profile after ensiling
was dependant on the composition of the grass and the DM, rather than on the inocula.
High levels of organic acids, notably lactic acid, produced during ensiling improved enzy-
matic cellulose convertibility in the grass biomass. Ensiling of less mature grass gave
higher convertibility. Low DM at ensiling (<25%) resulted in the highest cellulose con-
vertibilities, which ranged from 32 to 70% of the available cellulose in the four cuts after
ensiling. The study confirms that ensiling can enhance cellulose convertibility of green
biomass, and provides new insight to ensiling as a biological pretreatment method for
green biomass conversion.
ª 2013 Published by Elsevier Ltd.
1. Introduction
Grassland biomass may become an important low cost
lignocellulosic raw material for fuels and chemicals in the
future, as grassland covers about 69% of the world’s
agricultural area [1,2]. Additionally, grassland biomass may
add significant ecological value, including protection against
soil erosion and habitat creation [2]. Cultivation of temperate
grass allows for several harvests (2e4 cuts) during a season
contributing to the high yield. It is well known that the
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chemical composition of grass changes between cuts over the
season and with the stage of maturity at harvest [3,4]. This
aspect has not been thoroughly examined in relation to pro-
cessing of grass biomass for biorefining, but is important to
take into account when assessing grass biomass as a feed-
stock for biofuels or biochemicals, since changes in compo-
sition may affect the processing and product yields to a high
extent.
Another important aspect of a low cost lignocellulosic
biomass supply is efficient storage and pre-processing
methods [5]. The fact that grass is harvested at low dry mat-
ter (DM) typically of 18e20% DM makes dry storage at >90%
DM troublesome. Instead, through ensiling, grass can be
stored at lower DM (20e50%). Ensiling is the classical method
of forage crop preservation optimised throughout the past two
centuries to provide nutrient rich animal feed all year round
[6]. Ensiling encompasses moist solid state anaerobic
fermentation by lactic acid bacteria (LAB). The ensiling in-
volves production of organic acids and a decrease in pH that
consequently prevents growth of fungi, yeasts and bacteria
which may otherwise decompose the carbohydrate structure
in the biomass [7]. Three main factors influence the outcome
of ensiling: (i) Biomass composition; (ii) biomass DM at
ensiling, and (iii) the microbial community responsible for the
fermentation [7].
Silage, the resulting biomass product of ensiling, has
gained increased focus as a biomass feedstock for biofuel
production in recent years [8]. The method poses several po-
tential advantages as opposed to dry storage. The main ad-
vantages include (i) less dependence on dry weather
conditions prior to harvest, hence, better harvest-timing, (ii)
reduced biomass losses during harvest due to less handling
steps and no loss from dust formation, (iii) no need for energy
intensive drying, and (iv) possibilities of combined storage and
pretreatment [9,10]. Combination of storage and pretreatment
at ambient temperature and pressure holds considerable po-
tential cost and energy savings compared to common and
more severe pretreatments of chemical or physiochemical
means [9].
Already 50 years ago Dewar et al. (1963) [11] showed that
during ensiling, hemicellulose from perennial rye was
hydrolysed initially by enzymes extracted from the grass and
during longer storage (7e28 days) by means of acid hydrolysis
at pH 4. These changes in biomass composition suggest that
ensiling may be utilised as a biological pretreatment method
for cellulosic biofuel and biochemicals production.
Four studies on ensiling as a biological pretreatment have
reported results of cellulose conversion through enzymatic
hydrolysis, all with the aim of producing energy carriers of
either ethanol or biogas and the studies have consistently
been reporting improved enzymatic saccharification for the
ensiled biomass [9,12e14].
It is an obvious tenet that the grass biomass composition,
DM, and type of inoculum will influence the ensiling process
as well as the silage quality, which in turn may affect the
subsequent enzymatic cellulose convertibility. Nevertheless,
in the currently available studies, the biomass and the con-
ditions of ensiling have varied considerably, making it difficult
to derive consistent rules for optimal ensiling for lignocellu-
lose pretreatment. The objective of this study was to
investigate the relations of three factors; biomass composi-
tion, initial DM, and addition of LAB inocula, upon enzymatic
saccharification of cellulose after ensiling, using Festulolium
Hykor as the grassland biomass. Festulolium Hykor is a cross-
breed of the temperate grasses tall fescue (Festuca arundinacea)
and perennial rye (Lolium perenne) developed by DLF TRIFO-
LIUM for high yield potential (18 tonne/ha) and high persis-
tency throughout the season. However, the possible influence
of the differences in the grass biomass composition of Festu-
lolium Hykor across different harvests during a season, i.e.
different cuts, on ensiling and silage quality has not been
investigated.
2. Materials and methods
2.1. Raw material
The four cuts of the grass biomass, Festulolium Hykor (DLF
TRIFOLIUM, Denmark), were harvested over the season 2011
(1st cut: 01.06.2011, 2nd cut: 06.07.2011,3rd cut: 20.09.2011,4th
cut: 01.11.2011) from a DLF TRIFOLIUM demo plot, sized
1.5 8mand located in southern Zealand, Denmark (55 200 N,
12 230 E), with a HALDRUP F-55 harvester (Inotec Engineering
GmbH). The grass was collected right after harvest, cut to
2e5 cm pieces and split into four portions. Three of the por-
tions were dried to different DM concentrations by means of
different drying times at 25e30 C (drying time ranged from 2
to 48 h). DM content was monitored by use of a halogen DM
analyser (Mettler Toledo HR83 Halogen) and exact measure-
ments where done according to the standard procedure
developed by the National Renewable Energy Laboratory
(NREL) in the US [15]. The last portion of each cut was dried at
60 C and stored as hay for raw material comparison in
compositional analysis and enzyme hydrolysis (see below).
2.2. LAB inocula
The commercially available inocula LACTISIL Grass plus (GP)
and LACTISIL CCM (CCM) (Chr. Hansen, Hørsholm, Denmark)
were in freeze dried form, prepared individually in a 0.05 g
DM/L water suspension, and added to the grass samples for
ensiling at a level equalling 4.0 mg DM inocula/kg fresh grass
as according to [13].
GP consists of the lactic acid bacteria (LAB) Pediococcus
pentosaceus and Lactobacillus plantarum, which are both
homofermentative. CCM consists of pure Lactobacillus buchneri
which is heterofermentative. Each grass sample was mixed
carefully and thoroughly with each inoculum solution in a
large plastic tray and samples were taken for final DM mea-
surements prior to each ensiling.
2.3. Ensiling
The ensiling was carried out using a vacuum based plastic bag
system according to [16]. A Variovac EK10 vacuum packaging
machine (Variovac Nordic A/S, DK-7100 Vejle, Denmark) and
35  45 cm vacuum bags were used to pack approx. 100 g DM
grass for each treatment.
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2.4. Experimental design
A duplicated 32 experimental design was used to test the ef-
fect of different silage LAB inocula and different DM concen-
trations, and this was carried out on the four cuts of
FestuloliumHykor harvested on 01.06.11, 06.07.11, 20.09.11, and
01.11.11. Three portions of grass at different DM were treated
with two types of commercial inocula against treatment
without inocula (only water added). All treatments were done
in duplicates. A total of 72 bags were prepared and stored at
room temperature. DM contents were 21, 31 and 41% for the
1st cut, 23, 35 and 50% for the 2nd cut, 24, 28 and 43% for the
3rd cut and 22, 34 and 49% for the 4th cut. Storage times were
46, 48, 49 and 49 days for all samples from the respective cuts.
2.5. Chemical analysis
2.5.1. Quantitative analyses of monosaccharides and organic
acids
After a two-step H2SO4 hydrolysis of the biomass
according to [17] concentrations of carbohydrates
(D-glucose, D-xylose, L-arabinose, L-rhamnose, D-galactose,
D-mannose and D-fructose) were quantified by High Pressure
Liquid Chromatography (HPLC) (Shimadzu Corp., Kyoto,
Japan) using an HPX-87P column (BioRad) (Hercules, CA;
USA) and refractive index (RI) detection, at 80 C using water
as eluent, 0.5 ml/min. Organic acids (lactic-, formic-, acetic-,
propionic, and butyric acid) were quantified by HPLC using a
Biorad HPX-87H column (Hercules, CA; USA), RI detection,
63 C and 4 mM H2SO4 as eluent, 0.6 ml/min. Cellulose
content were calculated as 90% of D-glucose content and
hemicellulose content as 88% of the D-xylose plus 88% of
L-arabinose plus 90% of D-galactose.
2.5.2. DM/ash
The DM and ash analyses were done according to NREL
standard laboratory analytical procedures based on oven dry
matter measurements [15]. Since silage biomass contains
large amounts of volatile compounds, it is critical to correct
the measured oven-DM (at 105 C) for loss of volatiles, to
obtain the true DM. The measurements were therefore cor-
rected using coefficients according to Ref. [18].
2.5.3. Water extraction
Aliquots of 0.3e0.4 g DMbiomass from freshly disrupted silage
bagswere extracted in 10mlMilliQ H2O containing canamycin
(0.1 mg/ml) to prevent microbial activity during extraction.
The extraction samples were shaken for 2 h at 25 C and
150 rpm. Extracts were analysed for sugars and acids by HPLC
as described above. The biomass fibres were freeze dried and
weighed to determine the amount of extractives. The levels of
water and ethanol extractives were used as a measure of
relative maturity in-between cuts [19].
2.5.4. Weak acid hydrolysis of water extract
One step acid hydrolysis was performed on the extract to
quantify the content of soluble oligomer carbohydrates. Ex-
tracts were autoclaved for 10 min at 121 C with 4 w/w%
H2SO4. Derived monosaccharides were analysed by HPLC as
described above.
2.5.5. Ethanol extraction
Lipophilic extraction was done by Soxhlet extraction in a
reflux condenser for 6 h with 99% ethanol. The amount of
ethanol extractives, including volatiles, was defined as the
mass of material lost through extraction.
2.5.6. Lignin
Lignin content of the extracted bio residue was assessed a
two-step H2SO4 hydrolysis according to [17].
2.5.7. Total N-determination
Thebiomass sampleswereprepared for protein determination
by wet milling in a Mannesmann wet mill (Remscheid, Ger-
many) of a 1 g DM/l H2O solution to a particle size of 50 mm.
Total nitrogen was measured using a kit from Hach Lange
GmbH (Germany); Total Nitrogen LCK 138 (detection range:
1e16 mg N L1). The protein content was calculated by multi-
plying the nitrogen content with 5.6 according to Ref. [20].
2.6. Enzymatic hydrolysis
The enzymatic hydrolysis was done at 1.6% DM (w/v) in a total
volume of 25ml using 50mM citrate buffer at pH 5.0 with 0.4%
w/w sodium azide. Commercially available cellulolytic and
hemicellulolytic enzyme preparations, CellicCTec2 and
HTec2, from Novozymes A/S (Bagsværd, Denmark) were used
in a 9/1 ratio and added at 10% enzyme/substrate (w/w cel-
lulose). CellicCTec2 is a commercial cellulase preparation
based on the cellulase complex produced by Trichoderma reesei
containing at least the two main cellobiohydrolases EC
3.2.1.91 (Cel6A and Cel7A), five different endo-1,4b-glucanases
EC 3.2.1.4 (Cel7B, Cel5A, Cel12A, Cel61A, and Cel45A), b-
glucosidase EC 3.2.1.21, and a b-xylosidase (EC 3.2.1.37) in
addition to particular proprietary hydrolysis-boosting pro-
teins. CellicHTec2 mainly contains endo-1,4b-xylanase ac-
tivity (EC 3.2.1.8), but also contains cellulase activity.
Treatments were done during shaking for 72 h at 50 C. The
enzymatic hydrolysis was done in triplicate and enzyme
blanks were also analysed. Hydrolysates were analysed for
glucose levels on HPLC and the glucose yield (GY) is presented
per DMoriginal grass biomass. Both ensiled and raw grasswas
extracted in H2O prior to the enzymatic hydrolysis to avoid
interference from free sugars on the results for cellulose
convertibility. Cellulose convertibility (CC) was calculated as
the converted cellulose (derived from GY) divided by the
original cellulose content (Equation (1)). A relative improve-
ment ratio of the cellulose convertibility as compared to that
for dry grass was also calculated to express the ensiling pre-
treatment effect (Equation (2)).
Cellulose convertibility ðCCÞ ¼ ðGY$0:90Þ=Cellulose content
(1)
Relativeimprovementratio¼1þCCsilageCCdry grass

CCdry grass
(2)
2.7. Statistical evaluations
One-way analyses of variances (one-way ANOVA): 95% confi-
dence intervals were compared as TukeyeKramer intervals
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calculated from pooled standard deviations (Minitab Statisti-
cal Software, AddisoneWesley, Reading, MA). Statistical sig-
nificance of linear correlations was tested by the
doseeresponse F-test at 95% confidence level [21].
3. Results and discussion
3.1. Characterisation of grass
3.1.1. Composition and grass maturity
The constituents of the chemical composition were grouped,
according to the one-way ANOVA, in order to differentiate
between the four cuts of grass (Table 1). The grouping revealed
that 1st and 3rd cut had comparable compositions with all
constituents except ash falling in the same group, while 2nd
and 4th cut differentiated by having lower contents of cellu-
lose and lignin and higher contents of extractives.
As grass matures the proportion of secondary cell walls
increases and the fraction of non-structural cell contents
decreases [22]. The total amounts of extractives are therefore
a measure of relative maturity [19]. Thus, the four cuts rep-
resented different stages of maturity at harvest. 1st and 3rd
cut had a similar and more advanced maturity than the 2nd
cut, and the 4th cut having highest total extractives and
lowest content of lignocellulosics, was the least mature at
harvest. The higher content of extractives for the less mature
2nd and 4th cut, could be distinguished by a high concen-
tration of water soluble carbohydrates (WSC) in 2nd cut (10
w/w% DM), and a high concentration of crude protein for 4th
cut (21 w/w% DM) (Table 1). WSC does generally not directly
correlate with maturity, but low production of WSC is often
seen in late season growths [4]. Crude protein on the other
hand, has been shown to decrease with advancing maturity
for spring and summer growths, while late autumn growths
usually have high, constant levels [4,23]. The compositional
differences found between the four cuts of the grass were
coherent with observations done at harvest. It was thus
noted that 1st and 3rd cut both had met flowering stage
whereas 2nd and 4th cut had not, and that the 4th cut con-
sisted primarily of leaves.
The four cuts of Festulolium Hykor in this study represent
an example of the seasonal change that a biomass producer or
biorefinery operator can expect whenworkingwith temperate
grass. Seasonal change, representing the repeating annual
variations in solar radiation, temperature, wind and rain, lead
to natural differences between the different cuts. The growth
season in 2011 (in Denmark) suffered from unusually high
amounts of rain in the summermonths (Table 2). The unusual
rainfall influenced the timing of harvest, resulting in a slightly
late 1st cut and amuch delayed 3rd cut. In turn this resulted in
a relatively highmaturity of the 1st and 3rd cut as compared to
the standard cutting strategy for the demo-plots at DLF
Trifolium, which is optimised for feed quality of the grass
biomass.
The maturity is, as reflected in the results (Table 1), a key
parameter for the chemical composition. The exact harvest
date is therefore important in grass managing systems. The
increased proportion of secondary cell walls in mature grass
increases recalcitrance and decreases cellulose convertibility.
This effect is primarily due to increased lignin content and
cross-linkages between lignin and structural carbohydrates
[24,25].
Keating and O’Kiely [4] studied the effect of maturity on
different cuts of re-grown perennial rye grass and found that
increased maturity decreased the DM digestibility in in vivo
animal feed experiments, which indicated increased recalci-
trance to microbial degradation. The compositions were in
general comparable to previous published data of temperate
grass like Festulolium Hykor [19]. The compositional relations
between cuts of different maturity also match the general
knowledge of grass growth and maturation [19].
Table 1 e Composition of four cuts of Festulolium Hykor 2011. Numbers are presented as w/w% of DM. The results in each
row are grouped according to significance ( p [ 0.05%), where ‘a’ is significantly higher than ‘b’ and so forth.
1st cut 2nd cut 3rd cut 4th cut
Cellulose 27.5a 0.98 22.2b 0.56 25.6a 0.30 15.9c 0.10
Hemicellulose 18.1a 0.40 15.3a 0.39 16.2a 0.31 10.9b 0.04
Lignin 10.4a 0.51 7.6b 0.33 9.4a 0.35 4.8c 1.16
Ash 6.5c 0.24 7.2c 0.13 8.9b 0.02 11.5a 0.02
Ethanol extractives 11.8c 0.54 16.3b 0.24 12.9c 0.89 21.2a 1.98
Water extractives 23.2b 1.59 29.3a 0.02 23.0b 1.44 29.1a 0.34
Soluble carbohydrates 6.1b 0.03 10.3a 0.23 4.1b 0.06 4.6b 0.18
Soluble crude protein 4.4b 0.02 5.2b 0.17 4.6b 0.17 10.7a 0.12
Total crude protein 6.3b 0.07 8.0b 0.30 7.6b 0.19 21.1a 0.50
Table 2 e Average weather conditions for Denmark 2011, when grass was harvested: spring (March, April, May), summer
(June, July, August), fall (September, October). In parentheses: the average norm (1961e1990).
April May June July August September October
Temperature (C) 9.9 (5.7) 11.4 (10.8) 15.1 (14.3) 16.4 (15.6) 16.1 (15.7) 14.1 (12.7) 9.8 (9.1)
Rainfall (mm) 16 (41) 54 (48) 75 (55) 113 (66) 132 (67) 92 (73) 61 (76)
Sun (h) 253 (162) 239 (209) 252 (209) 171 (196) 150 (186) 135 (128) 130 (87)
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3.2. Acid production during ensiling
Each cut of grass responded differently to the experimental
ensiling factors, giving four different patterns of organic acid
production (Fig. 1). The organic acid concentration was high-
est for low DM treatments of the less mature grass samples
(2nd and 4th cut), reaching around 10 (w/w)%, but in both
cases the organic acid production decreased considerably
with higher DM. Ensiling of themoremature grass (1st and 3rd
cut) resulted in less total organic acid production at low DM
and the concentration decreased less significantly with DM.
3.2.1. Water soluble carbohydrates
The water soluble carbohydrates (WSC), which in temperate
grass consist of fructose, glucose, sucrose and fructans [26],
constitute the metabolic substrate pool for the ensiling. Suf-
ficient WSC is therefore a prerequisite for successful silage
fermentation. The concentration of WSC in the four cuts did
not correlate directlywith the production of organic acids. The
significantly higher WSC level found in the 2nd cut gave the
same levels of total organic acids as the 4th cut, which con-
tained less than half the amount of WSC (Fig. 1). In the main
fermentation phase of ensiling the bacteria rapidly consume
readily available simple sugars as well as fructose from
hydrolysed fructan which in temperate grasses is degraded by
the plant enzyme fructan exohydrolase [27]. If the fermenta-
tion has not yet reached the stable anaerobic storage phase
after the WSC are metabolised then other substances will act
as substrate. Thus hydrolysed structural carbohydrates, pri-
marily from hemicellulose, or amino acids from denatured
proteins, will be the new source [11,26]. In the current study,
the acid production varied differently in response to the
amount ofWSC available in the fresh grass. Some, namely the
silage samples of 3rd and 4th cut, had a higher acid production
than what could maximally be produced from the initial WSC
content. For the 1st cut a higher acid production only occurred
for the three low DM silage samples, and for the 2nd cut the
amount of acids produced only exceeded the WSC content in
fresh grass of the CCM inoculated, low DM silage sample.
These samples have therefore, utilised other substrates like
degraded hemicelluloses. The finding that the response to
WSC levels was not consistent across the different cuts,
underscored that the total composition of the grass rather
than the content of WSC determined the outcome of the
ensiling.
3.2.2. pH response
In general, the pH dropped according to organic acid produc-
tion, in particular according to the concentration of lactic acid,
which is also in accordance with its lower pKa of 3.1. Low DM
silage, especially for 2nd and 4th cut, reached the lowest pH
during ensiling of around 4, whereas pH for the high DM si-
lages reached levels around pH 5.5 for 2nd and 4th cut samples
(Fig. 1). The latter results were in accordance with the lower
production of organic acids. However, both lactic and acetic
acid were in fact produced during the ensiling of the 4th cut at
high DM, and moreover in comparable amounts to silage
samples from the 1st cut which resulted in significantly lower
pH values (around 4.6). Consequently grass from the 4th cut
had a higher buffering capacity than the other cuts. The
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reason for this is most likely the high content of crude protein
in the 4th cut (Table 1) that is known to facilitate buffer ca-
pacity towards silage fermentation [23].
3.2.3. Inocula
The type of inoculum caused significant differences in acid
production in only 6 out of 12 cases within same cut and same
DM (1st cut lowDM; 2nd cut lowDM; 2nd cutmediumDM; and
all three DM’s of 3rd cut) (Fig. 1). For the 3rd cut the GP inoc-
ulum clearly improved the ensiling as measured by lactic acid
production across the different DM concentrations. However,
any such effect was not consistent across the four cuts, thus
addition of an inoculum did not affect the silage fermentation
under the experimental conditions used in this study. Lactic
acid bacteria can be divided into two groups according to their
carbohydrate metabolism, the homo- and the hetero-
fermentative, the latter producing lactic and acetic acid,
ethanol and carbon dioxide, the former producing only lactic
acid [7]. Homofermentative ensiling is more efficient due to a
more rapid pH drop and therefore faster preservation, while
heterofermentative ensiling provides better resilience against
spoilage of the silage [3]. It was thus somewhat surprising that
the inocula did not affect the acid production of the ensiling to
a larger extent despite the categorical differences in the types
of microorganisms within the inocula. An explanation for the
inconsistent effect of inoculum is obviously that the natural
epiphytic organisms on the grass dominated the fermentation
processes to a large extent. Accordingly, the inoculated
amount may have been too low to dominate the silage
fermentations.
3.2.4. DM
DM at ensiling has been shown in several studies to be a main
control factor affecting the microbial activity in the fermen-
tation, and therefore affecting silage quality [28,29]. The re-
sults in Fig. 1 indicate a negative correlation between DM at
ensiling and the production of organic acids during storage.
Lactic acid concentration was found to decrease linearly with
increasing DM ( p < 0.05) (Fig. 2A). The acetic acid and propi-
onic acid concentrations were also decreasing with increasing
DM at ensiling, however much less than what was seen for
lactic acid, and the linear correlations were not statistically
significant ( p > 0.05). Relatively large differences were found
in the correlation between total organic acids and DM for the
four cuts in-between (Fig. 2B) suggesting that chemical
composition and thereby maturity and seasonal change had a
huge impact on the results. The production of organic acid did,
however decrease at higher DM for each cut (Fig. 2B) but linear
correlation did only prove significant ( p< 0.05) for the 4th cut.
The slope of the decrease was higher for the more immature
2nd and 4th cut compared to 1st and 3rd, however more data
points are needed within each cut to describe the correlations
further.
3.3. Enzymatic hydrolysis
3.3.1. Dried grass
Results of the glucose yield (GY), representing the amount of
glucose released per biomass DM, and the cellulose convert-
ibility (CC), representing the converted cellulose yield as
percentage of the total cellulose, were calculated for dry grass
from each of the four cuts (Fig. 3A and B). The grass from 2nd
cut gave the significantly (0.05) highest GY of 9.0 w/w% DM
followed by 1st and 4th cut, which yielded 7.8 and 7.5 w/w%
DM, and last 3rd cut with 5.5 w/w% DM (Fig. 3A). Thus a
combination of less mature grass and relatively high cellulose
content gave highest GY. Nevertheless, the CC results of the
dried grass (Fig. 3B) show how the low cellulose content of the
4th cut grass led to a higher CC for 4th cut than 2nd cut.
Comparing the enzymatic hydrolysis of the four dried grasses
showed that the mature grass of 1st and 3rd cut was more
recalcitrant in terms of cellulose hydrolysis than the less
mature 2nd and 4th cut.
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Both seasonal change and maturity contributed to the
different chemical compositions of the four cuts, and even
though the experimental setup did not include a detailed
study of maturity, the fact that Festulolium Hykor was cut at
different stages of maturity contributed considerably to the
result of the study as a whole.
As seen in the current study cellulose content increased
with advanced grass maturity, but likewise did lignin, conse-
quently increasing lignocellulosic recalcitrance. The trade of
high cellulose content is therefore related with decreasing
cellulose convertibility in the enzymatic hydrolysis, thus
resulting in less released sugars overall. This counter-relation
suggests that there is an optimum stage of maturity for grass,
where cellulose content and convertibility results in an
optimal sugar release.
The findings related to maturity and enzymatic hydrolysis
are in line with a study by Ding et al. [30] concerning the
nanoscale architecture of plant cell walls and its direct influ-
ence on enzymatic degradation. In this study it was concluded
that poor degradation of lignified cell walls was due to
blocking of the enzymatic binding to the hydrophobic planar
face of the cellulosemicrofibrils. Harvesting grass at an earlier
growth stage, before a high degree of lignin deposition occurs
during elongation, may therefore increase accessibility and
productive binding of the cellulosic enzymes and increase
degradation. Thus, maturity should definitely be a key
Fig. 3 e Enzymatic hydrolysis of dry and silage grass. A: Glucose yield (GY) w/w% of DM; B: Cellulose convertibility (CC), %; C:
Relative improvement ratio: cellulose convertibility of silage compared to that for dried grass.
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parameter in grass managing systems for any lignocellulosic
biofuel/biorefinery operation.
3.3.2. Effect of ensiling on enzymatic hydrolysis
The pretreatment effect of ensiling was measured by enzy-
matic hydrolysis and the GY and CC were compared to that of
the dried grass (Fig. 3A and B). The GY results clearly show that
ensiling had a positive effect on the sugar release by generally
yielding higher amounts of sugar per g biomass DM. For all
cuts the low DM silage treatments gave higher GYs than the
high DM silage treatments. However, as discussed above the
compositional differences of the grasses caused deviations
between the four cuts. The major differences between the cut
were that ensiling of 4th cut at medium and high DM also
resulted in relatively high GYs as opposed to the other cuts,
and 3rd cut silage generally resulted in lower GY, also at low
DM. On the other hand, both the 1st, 2nd, and 4th cut resulted
in similar maximum GYs, around 11 w/w% DM regardless of
the GY of the appertaining dry grass. LAB inocula did not have
a consistent and significant effect on GY, as it was also the
case for the silage fermentation.
When translated into CC, the picture changed due to the
different cellulose content in the four cuts (Fig. 3B). 4th cut had
the highest CC of 69% followed by 2nd, 1st and last 4th cut of
50%, 40%, and 32%, respectively, all at low DM and averaged
over inoculum. In coherence with CCs of the dried grass the
less mature cuts had higher CCs.
The CCs of the silage samples were compared to the CCs of
the dried grass and a relative improvement ratio was calcu-
lated (Fig. 3C). Here it is even clearer that low DM gave better
results than high DM across the four cuts. The highest im-
provements were found for 1st and 3rd cut of 1.40 and 1.42,
respectively and averaged over inocula. 2nd and 4th also
improved the CC but not by as much, 1.23 and 1.35 respec-
tively (Fig. 3C). The only silage treatments which did not
improve the enzymatic hydrolysis were at medium and high
DM ensiling of 2nd cut.
The enzymatic hydrolysis results matched the levels ob-
tained in previous studies including CC of ensiled green bio-
masses such as clover-grass and reed canary grass [12,13].
Ensiling of these biomasses was found to facilitate a CC of 42%
and 30% respectively, which in the case of clover-grass were
an improvement ratio of 1.47. This level matches the
maximum relative improvements obtained for the low DM
ensilage of 1st and 3rd cut in this study.
The results from the enzymatic hydrolysis correlated with
the organic acid production in the silage treatments, and the
data consistently indicated that high concentration of acids in
the silage increased the pretreatment effect (Fig. 4A, B and C).
The trend could however not reach statistical significance of a
linear correlation, most likely because the variation in the
level of hydrolysis between the four cuts diminished the sta-
tistical significance of the linear correlations.
The results of higher concentrations of hydrolysing organic
acids produced at lower DM (Figs. 2 and 4) corroborate that the
pretreatment effect of ensiling improves at lower DM. This
also confirm the findings of previous research [9,11e14] that
the organic acids produced during ensiling promotes a gentle
hydrolysis of lignocellulosic structures, which in turn appear
to increase the access of the cellulosic enzymes to the
cellulose. Furthermore the present study demonstrates that
maximising organic acid production in the silage, by ensiling
at low DM, leads to a better pretreatment effect.
The level of GY’s and CC’s found for ensiling in this study,
did however not match the performance of more severe pre-
treatmentmethods. Preliminary studies, by the authors, using
hydrothermal pretreatment at 190 C, 10 min as according to
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[31], in itself gave close to total convertibility of cellulose (data
not shown). The conditions of ensiling are apparently not
severe enough to reach such high conversion. Opportunities
for further optimisation could include addition of structure
specific enzymes to the ensiling and/or development of better
enzymatic blends adapted to silage grass. Further, more
detailed studies of the fate of the cell wall materials during
ensiling are required. Ensiling could also be combined with
other more severe pretreatments and used as a pre-
pretreatment. Ensiling is a promising method but can at this
point not stand alone.
4. Conclusions
The abundant production, high annual yields, and low envi-
ronmental impact of grasses like Festulolium Hykor, and the
benefits of low DM storage simultaneously with a pretreat-
ment effect, make ensiling of grass a promising technology for
a future biobased production of fuels and chemicals from
green biomass. The results from this study confirm and
expand the knowledge on the subject of using ensiling as a
biological pretreatment method.
 Ensiling improved cellulose convertibility compared to dry
storage, through acid hydrolysis of the lignocellulosic
matrix.
 Dry matter and chemical composition of the biomass
affected the ensiling which affected cellulose convertibility.
 Low DM ensiling (<25%) resulted in highest glucose yield
and cellulose convertibility for all cuts of grass.
 The composition is largely determined by the maturity; less
mature grass resulted in higher cellulose convertibility both
with and without ensiling, due to the lower lignin content.
However, lessmature grass also has lower cellulose content.
This suggests an optimumstage ofmaturity for grass, where
cellulose content and convertibility results in an optimal
sugar release.
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